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As a biodegradable polymer, polyaspartic acid (PASP) hydro-gel has been applied in various ﬁelds. Although the degradation mechanism of
PASP was well studied, to our knowledge, limited research has been done on the degradation of PASP hydro-gel, whose main chain was cross-
linked. This work mainly focused on the effects of enzyme and mechanical stirring on the structure of the PASP hydro-gel during its degradation.
The change of the molecular weight and swelling ratio indicates that the simple mechanical stirring caused a break at the crosslink point of the
PASP hydro-gel's spatial reticular structure with IR and SEM characterization, but has no signiﬁcant effect on the degradation of the main chain.
Changing the PH value of the degradation system also has little effect on the degradation of the main chain. However, the additions of enzyme
both resulted in the break at the crosslink point and the degradation of the main chain, the signiﬁcant decreases of both the molecular weight and
swelling ratio of the PASP hydro-gel were observed.
& 2015 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Biodegradable hydro-gel, such as polyacrylic acid (PAA)
and polyacrylamide, polyamino acid, has been studied and put
into various applications for several years. Correspondingly,
the degradability of hydro-gel has received an increasing
attention over the past decade, in view of their broad
applications [1–3]. Some ordinary hydro-gel, such as poly-
acrylic acid (PAA), may cause environmental pollution
through biodegradable [4]. On the other hand, polyamino acid
such as polyaspartic acid (PASP) [5] and self-assembly
peptides [6], is biodegradable with free carboxylic groups in
its chain, and its degradation products are also friendly to the
environment.10.1016/j.pnsc.2015.10.005
15 Chinese Materials Research Society. Production and hosting by
mmons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Chinese Materials Research Society.The degradation of PASP hydro-gel has not been thoroughly
investigated [7] for the lack of a comprehensive methodology
to study such degradation. Martin Obst [8] conﬁrmed that the
polyamino acid had a special degradation pattern in a micro-
bial environment due to their structures. He further conﬁrmed
that polyamino acid exhibited similarities with both protein
and polyamide, as Table 1 demonstrates.
Chymotrypsin is a kind of proteolytic enzyme acting in the
digestive systems of mammals and other organisms [5,9]. It is
chosen to facilitate the cleavage of amide bonds by a
hydrolysis reaction in the PASP hydro-gel [3,10,11]. The
signiﬁcant difference of molecular structure between cross-
linked PASP hydro-gel and linear chain PASP leads to the
different mechanism of the degradation as shown in Fig. 1 [8].
This paper presents the structural changes of PASP hydro-
gel under different degradation conditions and proposes the
methods to determine the degradation of PASP. The prepara-
tion of PASP hydro-gel and its related characteristics have
been reported by authors' research group [1,2,4], this paperElsevier B.V. This is an open access article under the CC BY-NC-ND license
Table 1
Composition and properties of poly-amino acids, proteins and polyamide.
Polymer type Polyamino acid Protein Polyamide (nylon)
Synthesis Bio-synthesis method (poly glutamic acid) or chemical method (polyaspartic acid) Mainly by enzyme synthesis Chemical method
Structural unit A single amino acid A variety of amino acids Diamine and dibasic acid
Bond type Peptide bond Peptide bond Amide
Biodegradability Biodegradable Biodegradable Non-degradable
Fig. 1. Structural comparisons of PASP and cross-linked PASP hydro-gel.
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hydro-gel.
2. Materials and experimental procedure
In the previous studies synthesis of PASP hydro-gel without
organic solvent was presented [2]. PASP hydro-gel with
molecular weight Mw¼75 kDa was prepared in our laboratory
according to the well-deﬁned procedures. The α-chymotrypsin
enzyme was purchased from Sigma Company.
The polymers were added into different pH phosphate buffer
solutions from 6.0 to 8.0 with or without α-chymotrypsin, and
then mechanical stirring was carried out for several days. The
selection of pH range is in accordance with the one kind of
soil. Meanwhile, the enzyme (α-chymotrypsin) performs itscatalytic activity fairly well in this relatively narrow pH so that
the conditions with more acidic or more alkali pH were not
investigated here.
The molecular weight of PASP and fragments degraded
from PASP respectively was measured by a Gel Permeation
Chromatography (SHIMADZU Corp.) with a Shodex column
(Asahi Chemical Industry Co. Ltd, 1 cm 3 cm) according to
the standard method [12].
The swelling ratio is the criterion of describing water
absorption capacity. De-ionized water and NaCl solutions
were used to study the water absorbing ability of PASP
hydro-gel by the tea-bag method [4]. The tea-bags used in
the method were 40 cm in diameter, made of 300-mesh nylon
net. The weight of the wet nylon net was measured and marked
as Wn. The weight of dry PASP hydro-gel was marked as Wo.
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and was completely immersed into liquids to be absorbed at
RT. After several hours, the tea bag was hung in the air for
15 min. Afterwards, the weight of the tea bag including
swollen resin was measured and marked as Wt. The swelling
ratio of PASP resin was calculated by the equation of:
Swellingratioðg=gÞ ¼ ðWtWoWnÞ=Wo.
Weight loss was measured according to standard method in
previous reference [9]. The dry PASP hydro-gel was analyzed
using a Shimadzu FT-IR spectrophotometer (SHIMADZU).
The scanning wave number ranged from 4000 to 550 cm1
[4]. The surface morphology of the degraded PASP hydro-gel
was observed by scanning electron microscope (SEM) (HITA-
CHI S-4700). The freeze drying technology was applied to
observe the internal structure of the swollen hydro-gel [3,4,10].
3. Results and discussion
3.1. Effect of degradation on molecular weight of PASP
hydro-gel
To better illustrate the degradation process and determine
the molecular weight changes of PASP, uncross-linked PASP
was used as a blank sample. The degradation process of PASP
is in fact the reverse reaction of its synthesis, and is subject to
the structure of molecular chains and the surrounding factors,
including pH, temperature and mechanical stirring. However,
each factor performs its own role on the degradation of PASP.
Structural comparisons between PASP and PASP hydro-gel, as
shown in Fig. 1, indicate that PASP hydro-gel possesses the
cross-linked points, which may lead to the different mechan-
ism of degradation.
From Fig. 2, it is clear that at room temperature and without
adding any enzyme, the pH has a minor effect on the
degradation process even after mechanical stirring for 54 days.Fig. 2. Molecular weight change of PASP hydro-gel after degradation under
different conditions: (a) blank control; (b) pH¼6.0, mechanical stirring 54
days, without enzyme; (c) pH¼6.5, mechanical stirring 54 days, without
enzyme; (d) pH¼7.0, mechanical stirring 54 days, without enzyme;
(e) pH¼7.5, mechanical stirring 54 days, without enzyme; (f) pH¼8.0,
mechanical stirring 54 days, without enzyme; (g) pH¼7.5, mechanical stirring
54 days, with 0.4 wt% enzyme; (h) pH¼7.5, mechanical stirring 54 days, with
2 wt% enzyme.This can be explained by the structure of PASP with its –NH–
CO– bond (amide bond) of Fig. 1 [8]. Mechanical stirring has
only a minor degradation effect. This critical property can
make a distinction of poly(amino acid) from peptide because
polyamino acid is connected by amide bond, while peptide is
connected by peptide bond (a bond between α-carboxyl and α-
amino group). Even though both macromolecules have amino
acid repeating unit, the connecting style between each repeat-
ing unit is obviously different. With this explanation, we can
easily understand that protein or peptide is more likely to
deteriorate in natural environment than PASP. Since the
enzyme has its highest activity at pH¼7.5, the adding of
enzyme at pH¼7.5 signiﬁcantly reduces the molecular weight
of PASP from 75 kDa to 55 kDa.
3.2. Effect of degradation on the swelling ratio of PASP
hydro-gel
The water absorption capacity of PASP hydro-gel relies on
its spatial reticular structure. The break at either the crosslink
point or the main chain bonds can destroy its spatial structure,
which could decrease the swelling ratio of the PASP hydro-
gel. Fig. 3 shows the change of the swelling ratio of PASP
hydro-gel after degradation under various conditions. It can be
observed that compared with the blank sample, the swelling
ratio reduction under the action of enzyme is much bigger than
that under the action of mechanical stirring. Moreover, with
the increase of enzyme amount, the swelling ratio decreased
signiﬁcantly.
The results of the weight loss of PASP hydro-gel after
degradation under various conditions are shown in Fig. 4. In
connection with the weight loss in Fig. 4 and the change of the
swelling ratio in Fig.4, we can draw the following conclusion:
mechanical stirring can cause a certain level of damage to the
spatial structure of the PASP hydro-gel, since the swelling
ratio decreased(from 500 g/g to about 350 g/g). The results of
weight loss show that there is a lot of residue of macro-
molecular matter (weight loss about 15%). The loss of the
swelling ratio of the cross-linked PASP hydro-gel underFig. 3. Swelling ratio change of PASP hydro-gel after degradation under
different conditions: (a) blank control; (b) pH¼7.5, mechanical stirring 54
days, without enzyme; (c) pH¼7.5, mechanical stirring 54 days, with 0.4 wt%
enzyme; (d) pH¼7.5, mechanical stirring 54 days, with 2 wt% enzyme.
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So far we proposed that mechanical stirring mainly causes the
break of cross-linked points but not the amido bond of the
main chain since Mw of degraded PASP hydro-gel under
mechanical stirring was much higher than that obtained from
enzymatic processes. The action of enzyme can cause large
destruction to the spatial structure of PASP hydro-gel, and as a
result, the swelling ratio drops distinctively (from 500 g/g to
about 130 g/g and 20 g/g). The results of weight loss also show
that there is a huge loss of macromolecular matter (weight loss
about 60% and 80%). Moreover, the more enzyme is added,
the more apparent the reduction of the swelling ratio and the
higher the weight loss . In summary, enzymes can cause a lotFig. 4. Weight loss change of PASP hydro-gel after degradation under
different conditions: (a) blank control; (b) pH¼7.5, mechanical stirring 54
days, without enzyme; (c) pH¼7.5, mechanical stirring 54 days, with 0.4 wt%
enzyme; (d) pH¼7.5, mechanical stirring 54 days, with 2 wt% enzyme.
Fig. 5. SEM imaging of PASP hydro-gel after degradation under different condition
(c) pH¼7.5, mechanical stirring 54 days, with 0.4 wt% enzyme; (d) pH¼7.5, meof degradation of the main chain, which makes the spatial
reticular structure collapse.
3.3. Effect of degradation on the surface structure of PASP
hydro-gel
The study of the hydro-gel microstructures is important for
the understanding of its properties. SEM imaging showed that
the hydro-gel structure changed obviously after the degrada-
tion, as shown in Fig. 5.
Fig. 5(a) demonstrates the PASP hydro-gel structure full of
pores before degradation. With more enzyme being added in
the PBS solution from 0, 0.4 to 2 wt% (shown in Fig. 5b, c and
d), although the mechanical stirring contributes to the destruc-
tion of the pore structure, the pore size diameter increased to
about 1–10 μm, the pore diameter largely exceeds 100 μm after
the enzyme degradation. The size distribution of the pores
moreover increases with increasing dosage of enzymes. From
the SEM observation of internal pore structure in previous [9]
and this research, it may be concluded that enzyme addition
contributes to the destruction of the PASP hydro-gel to a larger
extent than the effect of mechanical stirring.
3.4. Effect of degradation on the molecular structure of PASP
hydro-gel
The swelling ratio is a crucial property of PASP hydro-gel,
and affected by various factors such as the structure of the
hydro-gel, the molecular weight (distribution) [4] and the
cross-linking density [8,13]. According to the previouss: (a) blank control; (b) pH¼7.5, mechanical stirring 54 days, without enzyme;
chanical stirring 54 days, with 2 wt% enzyme.
Fig. 6. FT-IR characterization of PASP hydro-gel after degradation under
different conditions: (a) blank control; (b) pH¼7.5, mechanical stirring 54
days, without enzyme; (c) pH¼7.5, mechanical stirring 54 days, with 0.4 wt%
enzyme; (d) pH¼7.5, mechanical stirring 54 days, with 2 wt% enzyme.
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important effects on the cross-linked points. The degradation
effect of enzyme on the cross-linked points can be further
explained by the FTIR results.
Fig. 6 shows the FT-IR spectrum of the hydro-gel degraded
by enzyme during 54 days. The product comprises sodium
carboxylate and carboxamide functional groups, which are
evidenced by the peaks at 1590 cm1 and 1646 cm1,
respectively. The intense characteristic band at 1572 cm1 is
due to the COO– asymmetric stretching in the carboxylate
anion, reconﬁrmed by another sharp peak at 1402 cm1
related to the symmetric stretching mode of the carboxylate
anion [13,14].
The intense peak at 1720 cm1 may be due to the CO
stretching in –COOH functional group, and the strong peak at
1664 cm1 results from the C¼O stretching in the carbox-
amide functional group. The broad band was at 3430 cm1,
which may be attributed to –NH– stretching vibration of the
PASP component in the hydro-gel. Two absorption peaks at
1631 and 1514 cm1 can conﬁrm the –NH2 formation in
the hydro-gel. These peaks prove that the hydro-gel remains a
polymeric structure after the degradation.
The results show that the amide bond between each
repeating unit is relatively stable at different acidity unless
enzyme is added and the temperature is appropriate. For the
PASP hydro-gel, the polymer degradation process is similar tothe linear polymer, which indicates that the breaking of amide
bond is random.
4. Conclusion
The effects of the various degradation conditions on PASP
hydro-gel were studied in this work. The results show that
mechanic stirring could make the molecular weight decline to a
certain degree, but the weight loss remains the same by
changing the solution's acidity and the swelling ratio. The
addition of enzymatic can largely change the molecular weight,
swelling ratio and weight loss, and damage the structure of the
PASP hydro-gel. Therefore it can be concluded that the
degradation of PASP hydro-gel is related to the cross-linking
point and the main chain. Different conditions can affect
different factors, and make the degradation degree different.
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